An important question in understanding the structure of ionic liquids is whether ions are truly "free" and mobile which would correspond to a concentrated ionic melt, or are rather "bound" in ion pairs, that is a liquid of ion pairs with a small concentration of free ions. Recent surface force balance experiments from different groups have given conflicting answers to this question. We propose a simple model for the thermodynamics and kinetics of ion pairing in ionic liquids. Our model takes into account screened ion-ion, dipole-dipole and dipole-ion interactions in the mean field limit. The results of this model suggest that almost two thirds of the ions are free at any instant, and ion pairs have a short lifetime comparable to the characteristic timescale for diffusion. These results suggest that there is no particular thermodynamic or kinetic preference for ions residing in pairs. We therefore conclude that ionic liquids are concentrated, rather than dilute, electrolytes. 
with dissociation energy of the ion pair ∆E d = 315.26 kJmol −1 (taken from quantum electronic structure calculations of an ion pair in vacuum [8] ), and = 11.6, the low frequency dielectric constant (measured using dielectric spectroscopy) [9] . However, it is important to recall that in arriving at this estimate, several assumptions have been made. First, the value of ∆E d used is the theoretical gas phase dissociation energy, which is likely to be an overestimate because it neglects the electrostatic screening by other free ions [10] . Further, dividing the interaction energy by the dielectric constant, as measured from dielectric spectroscopy, is unlikely to account correctly for the electrostatic interaction between ions [10, 11] . Therefore, Equation (1) only holds when the concentration of free charges is low, since it implicitly assumes that the typical interaction energy between a bound ion and a neighbouring free charge is significantly less than the thermal energy [12] .
In this Letter, we attempt to remove some of these implicit assumptions. The key questions that we would like to answer are: Are ion pairs abundant in solution? If so, are they long-lived species, or merely transient intermediates? To estimate the abundance and the lifetime of ion pairs in ionic liquids, we develop a simple theory of ion pairing that accounts for both screened electrostatic interactions and a dielectric constant that is self-consistently calculated with the concentration of ion pair dipoles.
We note that the notions of association equilibrium and "ion-pairs" are somewhat artificial: in reality, the liquid is a sea of ions interacting via a Coulomb potential. Nonetheless the idea of ion pairing is an extremely useful concept as it provides a direct chemical and physical analogy with dilute/concentrated electrolytes.
The picture we suggest is as follows: in an ionic liquid, ions interact with one another screened by other free ions and a background dielectric medium that consists of dipolar ion pairs. At the same time, dipoles (ion pairs) interact with one another, an interaction that is screened by the presence of free ions and other dipoles (see Fig. 1 for a schematic of the system). Related ideas of ion association have been employed in [13] [14] [15] [16] to study criticality and the gas-liquid transition in Coulomb fluids.
To determine the fraction of free ions, α, we consider a "chemical" equilibrium between free ions and ion pairs, which we define as ions being held at closest approach
The law of mass action gives the equilibrium constant
where ρ d , ρ + and ρ − are the densities of dipoles, cations and anions, respectively, and ρ is the total density. Determining α is the central goal of our analysis; ionic liquids would be dilute electrolytes if α 1. To relate K to the interaction potential between ions, v(r), we follow the McMillan-Mayer theory of associating liquids [14, 17, 18] , which yields
A simple model for charge-charge interaction is the linearised Poisson-Boltzmann approach. Assuming that ions are hard spheres of diameter a that create an exclusion sphere of radius a, the interaction potential v(r) between two monovalent ions with opposite charges ±e, can be obtained by solving the linearised Poisson-Boltzmann equation with a uniform charge density on the surface of the exclusion sphere [13] . This yields
which is the typical distance over which electrostatic interactions between two charges in a dielectric medium is comparable to the thermal energy k B T , and the inverse Debye screening
which describes the physics of electric field screening by free ions.
By mass balance and electroneutrality, ρ + = ρ − = αρ/2, while the ion pair density
To account for the polarisability of ions, we scale charge and take q = 1/ √ ∞ for a monovalent ionic liquid [19, 20] , where ∞ is the optical (high frequency) dielectric constant. Such charge-scaling is shown by simulation to give distribution functions that are excellent approximations to the full electrostatic problem with polarisability [21] .
Definition (6) involves , the static (low frequency) dielectric constant. An ionic liquid is a pure substance and so there is no true "background" dielectric. Instead it is the ion pair dipoles that provides the effective dielectric constant. We treat the sea of ion pairs as a dipolar fluid consisting of polarisable spheres with dipole moment µ whose interactions are screened by free ions. Classic results [22] show that in such a system satisfies
where a d is the effective diameter of the dipole. (Note that in the limit of no free ions, κ = 0, and (8) reduces to the celebrated Onsager formula [23] .) For simplicity we assume that the ion pair is a sphere with the same volume as the sum of the constituent ions, i.e. a d = 2 1/3 a
Substituting (4) and (5) into the LHS of (3), and using the change of variable r → r/a, we obtain an implicit equation for α, the fraction of ions that are dissociated
with α implicit in the RHS via (6)- (8), noting that is a function of α.
Equation (9) is the main result of our model and contains no fitting parameters. The only experimental measurements needed are the density ρ, ion diameter a, and high frequency dielectric constant ∞ . The ion diameter a is difficult to assess experimentally, not least because cations and anions are seldom truly spherical let alone the same size. However, the key dimensionless parameter is κa, which can be written in terms of another dimensionless parameter l B /a via κa = 24ηαl B /a, where η = (π/6)ρa 3 is the packing fraction. It has been shown that η is roughly constant for ionic liquids [24] , and we take η = 0.64 corresponding to random packing of spheres [25] and comment that the results obtained below are not sensitive to the precise value of the packing fraction used.. It is therefore not necessary to estimate a directly.
The high frequency dielectric constant ∞ accounts for high-frequency mode for dielectric relaxation [26, 27] . Experimentally measured values of ∞ vary somewhat, see e.g. [28, 29] , and we will take ∞ = 3.5 as a typical value. . Numerical solution of (9) shows that α is relatively insensitive to the ion radius, but it increases as the polarisability, hence ∞ , increases since Coulomb interactions are better screened (see Fig. 2 ).
To understand this trend, we note that in the limit κa 1, the transcendental equation (9) can be solved asymptotically, yielding α ≈ 2/3, which agrees well with numerical results (inset of Fig. 2 ). Physically this result suggests equidistribution between cations, anions and ion pairs, as might be expected from entropy maximisation. The leading order expansion of (8) yields
where l
B is the vacuum Bjerrum length ( = 1 in (6)). We see that the dielectric constant scales inversely with the ionic radius, in agreement with numerical results (Fig 2) .
Our main results are that α ≈ 2/3, i.e. almost 2/3 of ions are not bound in ion pairs in a typical ionic liquid at any instant, and that κa 1, that is, the Debye length is small, contrary to previous results [5] . Although Coulomb interactions in free space are strong and long-ranged, the presence of other free ions significantly screens these interactions. The inset of Fig 2 shows that the result α ≈ 2/3 is robust for the whole parameter space that is physical for ionic liquids. The only parameter regime where ions are strongly bound in ion pairs, and hence α 1, is for small ions at low packing fraction. In this regime, the system is best described as a dilute gaseous plasma-like system rather than an ionic liquid.
We should comment on several key assumptions of our model: (i) The mean-field lin- ion must move away from the pair. In doing so, the electrostatic energy increases before the ion passes through a "transition state" energy maxima, after which it forms a new ion pair. The energy landscape as the ion moves away from its existing partner and towards an adjacent ion is given by
where r is the separation between the original ion pair (see Figure 3a) and v(r) is given by (5) . The lifetime of an ion pair is the mean first passage time through the energy maxima at r = (σ + a)/2, and can be estimated using Kramers-Smoluchowski theory to be [40] 
where D is the self-diffusion coefficient. Table I shows that the estimated lifetimes of the ion pairs in typical ionic liquids are relatively short and comparable to the diffusion timescale
The short lifetime, together with the fact that cations, anions and ion pairs exist in roughly equal numbers, suggest that an ion pair is not after all a "special" species -the probability and lifetime of two oppositely charged ions being found within close separation (12) Further insights can be obtained by writing (12) in dimensionless form
where p is a cumbersome quadrature that depends on two dimensionless lengthscales. Fig.   3b shows that, for fixed ion size, p decreases as the dielectric constant, and thus a/l B , increases. However, surprisingly, p increases before decreasing as the Debye length decreases.
Decreasing the Debye length decreases the magnitude of the electrostatic interactions, but the energy barrier ∆E = V ((R + a)/2) − V (a) is a non-monotonic function of κa. The initial increase in the energy barrier as κa increases is due to the effect of screening decreasing V (a), but to a lesser extent the energy maximum at V ((R+a)/2). For larger κa all interactions are strongly screened and therefore ∆E decreases. Increasing the ion diameter a whilst keeping the Debye and Bjerrum lengths fixed leads to a decrease in the lifetime due to the reduction of surface charge density on the ion surface.
The simple model developed here captures the essential physics of ion-ion, ion-dipole and dipole-dipole interaction in determining the abundance of ion pairs in ionic liquids.
Despite its simplicity, the theory agrees well with available experimental measurements of the dielectric constant. Crucially, our theory predicts that free ions outnumber ion pairs by 2:1 with pairs being short-lived. This prediction suggests that ionic liquids cannot be considered as dilute electrolytes.
On the experimental front, we note that the good quantitative fit obtained in [5] that supported the dilute electrolyte picture may be an artefact of the surface morphology and interfacial chemistry of gold. It is known that the gold surface is not atomically flat and surface reconstruction occurs upon contact with ionic liquids [43, 44] . In fact, other surface force balance studies [45, 46] seem to indicate a very high degree of Coulomb correlation.
We conclude that, unless new experiments reveal new unexplained behaviour, ionic liquids should not be viewed as dilute electrolytes.
